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Metasurfaces have led to many unconventional optical properties as well as novel physical phenomena and applications. In particular, geometric metasurfaces (GEMSs) based on the Pancharatnam-Berry phase have attracted extensive attention due to their simple and robust phase control scheme. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The beauty of this approach lies in the linear dependence of phase delay φ on the orientation angle α of each nanostructure, i.e., φ=±2α, with the sign determined by the polarity of incident light. 22, 31 At the same time, the scattering amplitude remains unchanged since the geometry remains consistent. Therefore, GEMSs offer new perspectives in designing complex phase-only optical elements, such as holograms, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] which have been investigated in the visible and infrared ranges using noble metal nanostructures. 33, 34 For example, a reflectiontype hologram based on the hybrid of geometric phase and gap plasmon has been realized with high efficiency using metal-insulator-metal (MIM) structures. 31, 32 However, the intrinsic ohmic loss of metals is still severe at short visible frequency, which may deteriorate the total efficiency.
Therefore, low-loss or even lossless dielectrics represent a promising material route towards high performance GEMSs. [20] [21] [22] [23] [24] [25] [26] Nevertheless, dielectric GEMSs usually suffer from requirements of larger structural heights, in sharp contrast to metal GEMSs. For instance, the height of current dielectric structures is ~λ for TiO 2 23, 24 and ~λ/1.7 for silicon, 22 while that of metal structures can be as small as ~λ/27. 31 Consequently, high aspect ratio (AR), defined as the ratio of height to width, for instance, 6.3~15 for TiO 2 23, 24 in the visible range and 4.8 for silicon 22 in fiber telecommunication windows, is unavoidable for building blocks of GEMSs. The challenge in high AR seriously increases the fabrication burden and renders the device less compact.
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Although atomic layer deposition (ALD) enables fabrication of high AR dielectric nanostructures, 24 it is still challenging to realize large-scale and cost-efficient samples.
Even though the generation of geometric phase is independent of the specific size, introduction of a resonant mode is also beneficial for optimized efficiency at a given wavelength. Lately, optical magnetic modes have been observed in high index insulators in the visible frequency range. [35] [36] [37] [38] [39] [40] [41] In particular, by matching the electric dipole mode and magnetic dipole in frequency domain, Huygens' metasurfaces were demonstrated to manipulate transmitted light with high efficiency. 42, 43 According to Mie theory, at given wavelength, the structure supporting a magnetic dipole mode has an even smaller size in comparison with the counterpart supporting an electric dipole mode. As a result, magnetic resonance is useful for shrinking the AR of structures for compact GEMSs design. Moreover, the scattering cross section of magnetic dipole mode is also superior to the electric counterpart, a higher manipulation efficiency is thus expected.
In this work, we demonstrate a silicon (Si) GEMS by combining geometric phase and magnetic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 1a shows the schematic of the adopted unit cell of our GEMS. Geometric phase is generated under illumination with circular polarization, and the phase delay can only be imparted 
where r l and r s are the reflective coefficients along the long and short axes respectively and δ is the phase delay between two mutually orthogonal directions. If circularly polarized (CP) light is incident on the wave plate, the polarization conversion efficiency of the output light with (η cross ) and without (η co ) phase delay (determined by geometric phase) can be expressed as
In particular, only if r l = r s = 1 and δ = π, all incident CP light can be converted into the useful cross-polarized part (i.e. η cross = 1 and η co = 0). Since varying the dimension of the nanobrick affects both the reflectivity along the long and short axes and their phase delay, we need to make a trade-off between high reflectivity and accurate phase delay of π along two orthogonal directions. Figure 1b shows the simulated reflectivity and phase difference of the nanobrick when the normally incident beam is polarized along the long axis and short axis of the nanobrick, respectively. Then we can calculate the efficiency of the reflected co-polarized part and crosspolarized part, as shown in Figure 1c . Significantly, the polarization conversion efficiency can reach as high as 60%, while the unwanted co-polarized light contributing to zero-order diffraction can be suppressed to below 10%. To investigate the high reflection occurring in these metasurfaces, we simulated the distribution of electric and magnetic fields at the cross-section of 7 a nanobrick unit cell. As shown in Figure 1d -g, vortex-like electric fields and enhanced magnetic fields inside the nanobrick unit cell indicate the excitation of a magnetic dipole resonance along two axes. Here, the nanobrick is designed with a height H of 220 nm, length L of 290 nm, width W of 140 nm and cellsize C of 400 nm, which leads to a height as low as λ/3 and a low AR of 1.5 along the short axis direction. With the accompanying advantages, i.e., high efficiency, low noise, ultra-compactness and the ease for fabrication, resonant GEMS shows considerable promise for constructing high-performance phase modulators such as holograms. The efficiency measurement experimental setup is shown in Figure S1 in Supporting Information (SI). Theoretically, the meta-hologram has a polarization conversion efficiency of nearly 30% at the measured wavelength of 632.8 nm (as shown in Figure 1c ). The measured hologram efficiency, defined as the ratio of the power of refracted holographic image and the power of incident beam, reaches 14%. To further investigate the spectral response of the hologram, we measured the conversion efficiency with a super continuum light source (YSL SC-pro) in the range from 600 to 700 nm in steps of 10 nm. We found that a maximum of 24% can be reached at a wavelength of 660 nm with an efficiency larger than 12% in the measurement range. The peak wavelength agrees well with the simulated one (as shown in Figure 1c ), however the efficiency is lower than expected (60%). Such a moderate efficiency may be attributed to several reasons. In general, the fabricated errors may cause inhomogeneous reflectivity of nanobrick arrays and greatly degrade the diffractive performance of the phase-only hologram we designed.
Secondly, the diffraction efficiency is hard to be fully optimized that make all the incident beam with phase delay contributing to the reconstruction of holographic image. At last, imperfect 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 shape (as shown in Figure S2 in SI) and practically larger intrinsic loss of materials will also lead to reduced efficiency. It should be noted that although the conversion efficiency in our sample might be at the lower edge of what is required for practical purposes, it arises from technical issues rather than a theoretical limit in principle. This relatively low value can be improved by more precise fabrication procedures, reducing the extending angles of holographic image and using low-loss dielectric materials (crystalline silicon or TiO 2 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 incident light (as shown in Figure S5 in SI), which agree well with the theoretical design and prove that the polarization-independent characteristics of image hologram.
Subsequently, the image hologram was fabricated by standard electron-beam lithography (EBL) with a dimension of 500 × 500 µm 2 (1250 × 1250 pixels) and the corresponding phase distribution is shown in Figure 3b . The scanning electron microscopy (SEM) image of the sample (partial view) is shown in Figure 3c . To investigate the spectral response of the metasurface hologram, we used a supercontinuum laser light (YSL SC-pro) to illuminate the sample and captured the holographic image by an optical microscope (Nikon LV150N), as shown in Figure S6 in SI. We can observe that all of the holographic images are with high fidelity and without image distortions or color blurring. The detailed mechanism of these important characteristics of image hologram has been investigated in chapter 5 of SI.
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To further check the robustness to structure height of our design, another GEMS image hologram was fabricated with the same structure parameters and phase distribution but with a reduction in height from 220 to 150 nm, i.e. a quarter of operation wavelength. The holographic images were also clearly observed under two types of illumination, as shown in Figures 3f-g 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
Wuhan University (Figure 4a ) was taken as the target image and our designed hologram has dimensions of 500 × 500 µm 2 ( Figure 4b ). The broadband response of GEMS hologram based on SOI is shown in Figure S8 in SI. Since the most promising application of the image hologram fabricated on SOI is anti-counterfeiting, the sample is illuminated by natural light and the captured image is shown in Figure 4c . We also captured the image illuminated by a flashlight of a cellphone, as shown in Figure 4d . Similar to the observations in Figure 3d -g, besides the target image, differences in color also exist when illuminated by different light sources.
Conclusions.
We have presented a compact reflection-type phase-only meta-hologram using Significantly, due to the wavelength-independent phase response, the designed hologram can be well observed under arbitrary illumination condition such as natural light, which thus may facilitate less stringent applications in the natural setting such as anti-counterfeiting. Finally, we would like to emphasize that such nanobrick-based metasurfaces can be fabricated on a large scale with much lower cost by nano-imprinting, making them promising candidates for largescale holographic technology.
Methods.
Design of nanobrick unit cell. The nanobrick unit cell was designed and simulated by CST microwave studio software. In the simulation, a CP plane wave was normally incident onto a single nanobrick with periodic boundary conditions. The reflectivity of the cross-polarized and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 co-polarized parts was collected by field ports. Furthermore, we swept the geometric parameters of the nanobrick (length L, width W, height H and cellsize C) to optimize the performance.
Design of Fourier hologram.
In the design, a complex digital image containing a parrot with pixel number of 712×351 and 256 grayscale levels was chosen as holographic target image (Figure 2a) . Because of the large angular range, the Rayleigh-Sommerfeld diffraction method was used to simulate the holographic image. 44, 46 The hologram was pre-compensated to avoid the geometric distortion of pattern. To avoid the formation of laser speckles in the holographic image, the concept of Dammann gratings 47 was utilized for the hologram design.
Design of image hologram. Balancing the computation complexity against the diffractive performance in our design, the orientation angle α of each nanobrick can be expressed as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 Cr (40 nm) was deposited by electron-beam evaporator (KVT KVE-ENS4004), followed by liftoff process in hot acetone. Cr was used as etch mask and Cr-free part was removed through dry etcher. After the etching process the Cr mask was removed by a Cr etchant. Finally, only silicon nanobricks remain on the substrate. In the case of SOI platform (250 nm top silicon and 2 µm buried oxide), the procedures are all the same except for silicon deposition process.
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